Oncomelania lindoensis from Lake Lindu, Sulawesi, was characterized for genetic variation at 21 allozyme loci and compared with O. hupensis (China) and O. quadrasi (Philippines). Genetic distances and interpopulation patterns of allele-sharing point to a closer relationship between Sulawesi and the Philippines (Nei's unbiased genetic distances (D) averaged 0.50) than between Sulawesi and China (D ϭ 0.79). These data, coupled with a consideration of the geographic distribution of the genus, support the hypothesis that the Sulawesi Oncomelania originated by avian-facilitated colonization from the Philippines about two million years ago.
INTRODUCTION
The origin of Oncomelania hupensis lindoensis (Gastropoda: Pomatiopsidae) from Sulawesi, Indonesia, and its relationship to Oncomelania in the Philippines, Japan and China have been the subject of speculation for 25 years. This small, dioecious, amphibious, prosobranch snail is of local public health importance as the intermediate host of the human blood fluke, Schistosoma japonicum, in two limited areas of central Sulawesi (Sudomo, 1984; Sobhon & Upatham, 1990 ). These are the only known foci of human schistosomiasis in Sulawesi, and both the snail and the human disease are unknown elsewhere in Indonesia and Bornean Malaysia but are widespread in the Philippines to the north. In this paper we provide the first genetic characterization of lindoensis, clarify its origin and genealogical relationships, and discuss its taxonomic status within the genus.
Although human schistosomiasis was known from Sulawesi as early as 1937, it was not until 1971 that Carney discovered and identified the snail intermediate host at Lake Lindu, 50 km south of Palu (Carney, Hadidjaja, Davis, Clarke, Djajasasmita & Nalim, 1973; Whitten, Muslimin & Henderson, 1987) . compared the Sulawesi snails with O. hupensis hupensis (China), Oncomelania h. nosophora (Japan), O. h. formosana (Taiwan) , O. h. chiui (Taiwan) and O. h. quadrasi (Philippines) and concluded that the Sulawesi population represented a new subspecies, O. hupensis lindoensis. Based on their study of more than 70 morphological and anatomical traits they concluded that lindoensis was more closely related to quadrasi than to the other subspecies. Subsequently, Woodruff, Staub, Upatham, Viyanant & Yuan (1988) raised quadrasi to full species rank in the Oncomelania hupen -sis species group on the basis of allozyme variation. This taxonomic revision was rejected by Davis (1994) for reasons discussed below, but can now be reconsidered in the light of new data on genetic variation in Chinese Oncomelania and in lindoensis.
MATERIALS AND METHODS
A sample of adult Oncomelania snails was collected at Lake Lindu by M. Sudomo and P. Hadidjaja in 1986 and hand-carried by ESU to Bangkok. Twenty of these field-collected live snails were studied electrophoretically at UCSD. Voucher specimens were deposited in the Museum of the Center for Applied Malacology, Mahidol University. Analytical methods are those of Woodruff et al. (1988) : horizontal starch gel electrophoresis of foot mass proteins was followed by staining for specific enzymes. All individual samples were electrophoresed alongside individual extracts of the same 14 Oncomelania quadrasi from the Philippines (Leyte A from Vicob Creek, Palo) and the same 12 O. hupensis from China (China A, from Guichi, Anhui Province about 400 km west of Shanghai) that were described by Woodruff et al. (1988) . We resolved genetically interpretable allelic variation at the following 21 loci (enzyme names, Enzyme Commission numbers and abbreviations follow Murphy, Sites, Buth & Haufler, 1996) : acid phosphatase (EC 3.1.3.2, Acp), asparate aminotransferase (2.6.1.1, Aat), catalase (1.11.1.6, Cat), esterase-1, esterase-3 (3.1.1.-, Est), glucose-6-phosphate dehydrogenase (1.1.1.49, G6pdh), glucose-6-phosphate isomerase (5.3.1.9, Gpi), glyceraldehyde-3-phosphate dehydrogenase (1.2.1.12, Gap), glycerol-3-phosphate dehydrogenase (1.1.1.8, ␣Gpdh), L-ititol (sorbitol) dehydrogenase (1.1.1.14, Sord), isocitrate dehydrogenase-1, isocitrate dehydrogenase-2 (1.1.1 42, Idh), leucine aminopeptidase (3.4.11.-, Lap), malate dehydrogenase supernatant/cytosolic (NADϩ) (1.1.1.37, Mdh), malate dehydrogenase (NADPϩ) (malic) enzyme (1.1.1.40, M e), mannose-6-phosphate isomerase (5.3.1.8, Mpi), peptidase-1. peptidase-4 (3.4.-, Pep), phosphogluconate dehydrogenase (1.1.1.44, Pgd), phosphoglucomutase-1, phosphoglucomutase-2 (5.4.2.2, Pgm). Allozymes were assigned superscript letters a,b. . . . in order of their increasing electrophoretic mobility; designations are the same as those used by Woodruff et al. (1988) .
As the Sulawesi snails were electrophoresed alongside samples from previously genotyped individual snails from the Philippines and China, the new data may be compared directly with the results reported previously (Woodruff et al., 1988) : seven samples representing four islands in the Philippines (Leyte A; Leyte B from Manadaraq Creek, Palo; Leyte C from South Main Canal, Palo; Luzon A from San Isidro, Sorsogon; Luzon B from San Augustin, Sorsogon; Mindoro from Victoria; Mindanao from Mawab, Davao) and two samples from Guichi, Anhui Province, China (China A, China B). Sample names are the same used in our earlier study. The snails were not sexed but sex-linked allozymes are unknown in Oncomelania and very rare in other molluscs.
The mean number of alleles per locus (A), the proportion of loci that were polymorphic (P), and the mean observed individual heterozygosity ( Hobs) were calculated for each sample. Allozyme frequencies for the polymorphic loci were tested for their agreement with Hardy-Weinberg expectations for a panmictic population by Chi-square and Fisher exact tests. Population genetic structuring was studied with Wright's (1978) hierarchial F-statistics (Fis Fit and Fst) calculated for each locus and sample.
To establish the relative degree of intersample genetic differentiation we calculated Nei's (1978) unbiased standard genetic distance, D, between all pairs of samples. D is a measure of the mean number of codon substitutions per locus corrected for multiple hits and can vary between zero and infinity. A phenogram or tree was produced with the BIOSYS-1 computer program package (Swofford & Selander, 1981) using the pair-wise multilocus Dvalues clustered by the unweighted pair-group method with arithmetic averaging (UPGMA).
RESULTS
Genetically interpretable results were obtained for the same 21 loci studied previously (Woodruff et al., 1988 . This change has no significant affect on the results or conclusions reached by Woodruff et al. (1988 . This last result was unexpected and requires confirmation under different electro-phoretic conditions to assure that the Chinese and Sulawesi electromorphs are truly homologous.
The proportion of polymorphic loci (P ϭ 0.24) and the observed mean heterozygosity (H ϭ 0.08) are very similar to the values obtained for samples from the Philippines and less than those reported previously for Guichi, China, by Woodruff et al. (1988) (Table 1) . No significant departure from panmixia was detected at the variable loci (results not shown); genotype frequencies were as expected for large outbreeding dioecious populations.
For ease of comparison, variation in the Sulawesi sample is reported in Table 1 relative to the data published previously for samples from four representative geographic areas in the Philippines (Luzon, Leyte, Mindoro, Mindanao) and one site in China (Guichi) (Woodruff et al., 1988) . The data for four additional samples (three Philippine and one Chinese: Leyte B, N ϭ 61, Leyte C, N ϭ 62, Luzon B, N ϭ 17, China B, N ϭ 10) reported by Woodruff et al. are also included in the estimates of genetic differentiation summarized by sample, by geographic region, and by taxon in Tables 2-4. Nei's unbiased genetic distances (D) between Sulawesi and seven samples from four islands in the Philippines averaged 0.503 (range: 0.48-0.52) ( Table 4 ). The genetic distance between Sulawesi and Mindanao (0.476) is slightly (but not significantly) less than that with the samples from the more distant islands of Leyte, Luzon and Mindoro (Table 3 ). The genetic distance between Sulawesi and two samples from China was 0.79-0.80 and significantly more than the mean distance between the Philippines and mainland China (0.59, range: 0.49-0.64). In contrast to these large inter-regional differences, the mean genetic distance between the seven samples from the Philippines was D ϭ 0.040 (0.001-0.134), and between the two samples from Guichi, China, was D ϭ 0.00. These various D-values were used to prepare the phenogram (Fig. 1) . Over all ten samples F is ϭ 0.087, F it ϭ 0.724 and F st ϭ 0.698, indicating no significant structure (e.g. departure from panmixia) within each sample but very significant inter-population differentiation.
DISCUSSION

Phylogeography of O.lindoensis
Our results confirm that the Lake Lindu snails are correctly identified as members of the Oncomelania hupensis species group. They differ from, but show genetic affinities with, O. quadrasi from Mindanao and elsewhere in the Philippines and are more distantly related to O. hupensis from eastern mainland China. The observed genetic distances between the snails from Sulawesi and the other samples permit a preliminary discussion of their origin and taxonomic status as species or subspecies.
The history of the genus Oncomelania has been the subject of detailed consideration by Davis (1968 Davis ( , 1979 Davis ( , 1980 Davis ( , 1992 Davis ( , 1994 who hypothesized, on the basis of his morphological, anatomical and ecobehavioral observations, that Oncomelania spread from northern Burma to west Yunnan in the late Miocene or early Pliocene, then to the rest of mainland China, and hence to the continental islands of Taiwan and Japan, and to the Philippine archipelago. Woodruff et al. (1988) provided genetic data supporting the origin of the Philippine snails from Chinese progenitors but rejected the hypothesis that the snails were introduced by man on the grounds that quadrasi appeared to be too old. Using Nei's (1978) conservative calibration of the relationship between genetic distance and time, these authors estimated that hupensis and quadrasi had been diverging for up to three million years and therefore postulated a Pliocene avian-mediated colonization of the Philippines and the origination of quadrasi by allopatric speciation. Woodruff et al. (1988) further predicted that the snails on Sulawesi would be found to have Mindanaoan-like ancestors and were probably carried to the island by migra- tory birds. The present results constitute a first test of this hypothesis and lead us to reject the proposal that lindoensis was probably introduced to Sulawesi by the activities of prehistoric man in the establishment of rice culture . The genetic distance between Sulawesi and Mindanao (D ϭ 0.48) suggests lindoensis began diverging from quadrasi at least 2 million years ago, long before rice was first cultivated in China about 11,500 years ago (Normile, 1997) , or irrigated rice culture was introduced to Indonesia from India about 1,500 years ago (Whitten et al., 1987) , or rice was first cultivated in the Lake Lindu area in the 1960's .
Our results support the hypothesis that
Oncomelania were transported to Sulawesi from the Philippines about 2 Mya, possibly on the feet of migratory wading birds. Oncomelania is well-suited to the hazards of dispersal across ocean barriers as both estivating adults and mud-encrusted eggs are desiccation tolerant. Large waders, including storks, egrets and herons, fly annually between Mindanao and Sulawesi (McClure, 1974; White, 1976; White & Bruce, 1986) and are prime suspects for snail and/or snail egg dispersal. The distance between Mindanao and Sulawesi is about 400 km today but there are numerous intervening islands in the Sangihe and Talaud archipelagos and the overwater gaps are no more than 100 km. During periods of low sea level in the late (Whitmore, 1987; Whitten et al., 1987) . Although we favour avianmediated dispersal on the order of 2 Mya we cannot rule out the importation of Oncomelania and S. japonicum by humans. Homo erectus have inhabited nearby islands for at least 780,000 years and H. sapiens dispersed through the archipelago reaching Australia at least 40,000 BP (Swisher, Rink, Anton, Schwartz, Curtis, Suprijo & Widiasmoro, 1996) . Much later, beginning about 6,000 BP, horticulturists from Taiwan and mainland eastern Asia began to spread through the Philippines to Sulawesi and Melanesia. The ancestors of lindoensis could have been imported with plants or water during these prehistoric migrations. Similarly, we cannot rule out multiple introductions, although this seems unlikely given the moderate level of genetic variability (and apparent monophyly) detected at Lake Lindu and Oncomelania's unusually limited distribution on Sulawesi and absence elsewhere in southeast Asia and Indonesia. Apixylic transport also seems unlikely as rivers and ocean currents are unfavourable and the snails are unknown in coastal lowland Sulawesi.
One puzzling observation suggesting that Oncomelania may also occur in northern Borneo, about 250 km NW of Lake Lindu and about the same distance from the Philippines, requires confirmation. In 1961, eleven pairs of adult S. japonicum-like worms were found in one of four crab-eating macaque, Macaca fascicularis, shot near the town of Ranau, Sabah, in the course of a parasitological survey of Northern Borneo (Kuntz, 1978) . No other evidence for this parasite was detected in approximately 1,100 other vertebrates and 1,089 human fecal samples examined, and field surveys failed to find any Oncomelania. There have been no subsequent reports of either this snail or Schistosoma or human schistosomiasis from Borneo, and since then we have established that 'S. japonicum' is a group of cryptic species so the true identity of the Ranau parasites is unknown. Nevertheless, if the existence of either species is confirmed in small foci on Borneo their genetic variation will permit a test of the phylogeographic histories proposed here.
Taxonomic treatment of lindoensis: species or subspecies?
Interpretation of the large genetic distance between Mindanao and Sulawesi (D ϭ 0.48) depends, in part, on the amount of variation present within other recognized taxonomic units (subspecies) comprising the Oncomelania hupensis species group. In our earlier work we found very little variation (mean D ϭ 0.04) within the seven quadrasi samples from the four islands in the Philippines and no variation between the two hupensis samples from Guichi, China (Woodruff et al., 1988) . Since then, Davis, Yi, Hua & Spolsky (1995) have published a survey of allozymic variation at 14 sites spanning the 2,000 km range of Oncomelania across China. Thy studied 28-29 loci in two sets of seven samples each and, although the two sample sets are not directly comparable (presumed genotype homology across sets are not proven), the combined data set coupled with evidence on conchology, anatomy, ecology and distribution is most informative. They recognize three geographically defined subspecies: hupensis-lower and middle Yangtze valley including Anhui Province (the site of our samples from Guichi); r o b e r t s o n i-Sichuan and Yunnan in southwestern China; tangi-coastal Fujian Province opposite Taiwan. Their interpretation was complicated by their recognition of inter-subspecific hybrids and a long-distance translocation but nevertheless provides an excellent clarification of patterns that had hitherto been concealed by conchological variability and taxonomic confusion involving five or more ill-defined subspecies. Davis et al.' s data on minimum genetic distance (D m ) enabled us to make an independent assessment of the innate variability of Oncomelania subspecific taxa and are thus useful in the interpretation of the new data from Sulawesi. Although the three newly re-defined Chinese subspecies lack diagnostic alleles, each taxon displays greater intra-subspecific than intersubspecific genetic similarity: within the three subspecies D m ϭ 0.08-0.16 and between subspecies D m ϭ 0.22-0.33 (Table 5 , Fig. 2A) . The between subspecies D m are thus 1.43-3.77 times greater (2.35 times greater, on average) than the within subspecies distances and there is no overlap in these ranges. It should be remembered that D m will often underestimate the unbiased genetic distance, D, used above, and the number of net codon substitutions when D(XY) m are large (Nei, 1987) . Although Davis et al. 's 14-sample data cannot be summarized in terms of D, within their hupensis sample, and within their pooled intrasubspecific comparisons, D is 1.18 times larger than D m on average.
In an earlier study we reported a genetic comparison of Oncomelania hupensis hupensis from China and O. h. quadrasi from the Philippines (Woodruff et al., 1988) . On the basis of the significant genetic distances discovered between the snails of China and those of the Philippines we recommended that these two subspecies be elevated to full species rank. This taxonomic revision was rejected by Davis (1992 Davis ( , 1994 Davis et al., 1995) . Davis (1994) argued that Oncomelania hupensis is a polytypic species with several component subspecies because the latter are anatomically and ecologically identical and show only minor variation in shell size, in the development of shell ribs, shell lip and certain head glands, and in susceptibility to different populations of Schistosoma japonicum. Furthermore, snails from the various allopatric populations can, in culture, hybridize and backcross (Davis, 1992, and refs. therein) . Davis (1994) adopted the cohesion species concept and argued that all the O n c o m e l a n i a populations exhibit both great genetic cohesion and ecological exchangeability. In a second critique of our earlier paper, Davis et al. (1995) reiterate the view that Oncomelania hupensis subspecies show no pronounced morphological differences or discontinuities and that as actual or potential morphological, genetic and ecological cohesiveness has not been disrupted, the allopatric populations have not achieved full species status. According to Davis et al. this alleged cohesion must be disrupted for speciation to occur-as it has in the case of Japanese O. minima which differs from O. hupensis in reproductive anatomy and shell shape (Davis, 1969) . We accept their interpretation of much of the evidence except as it relates to genetic cohesion.
We now know the multilocus genetic distances between 14 mainland Chinese populations representing three of the subspecies recognized by Davis et al. (1995) , seven samples representing another subspecies (or species, in our opinion) from four islands in the Philippines, and one sample from Sulawesi. It is now clear that the D m between the Chinese subspecies averages 2.35 times greater than that observed within each of the three subspecies. In contrast, the D's between quadrasi and hupensis and between lindoensis and hupensis are 13-15 times greater than the variation within quadrasi. This genetic clustering and the relative depth of the branches on the phenogram are here recognized as taxonomically significant and indicate that lindoensis like quadrasi merits recognition as a separate species within the O. hupensis species group. Woodruff et al.'s (1988) arguments for the recognition of hupensis and quadrasi as full species hinged primarily on the magnitude of their observed genetic distance from one another. Our approach has subsequently been validated and termed the genotypic cluster species concept (Mallet, 1995 (Mallet, , 1996 . Darwin (1859) recognized that the only difference between species and well-marked varieties [subspecies] is that the latter are still connected by intermediate gradations. In genetic terms, species are non-intergrading genotypic clusters and geographic races (subspecies) form intergrading genotypic clusters typically with contiguous geographic distributions. As both subspecies and species have fragmented ranges and allopatric populations it is the spatial partitioning of genetic diversity rather than the Table 5 . Matrix of Nei's mean unbiased minimum genetic distances (Dm) for three subspecies of Oncomelania hupensis from China (calculated from Davis et al., 1995: absolute amount of differentiation which allows us to recognize species. The taxonomic treatment of isolated populations has to be determined on a case-by-case basis using all available evidence and not just on whether, in captivity, they show hybrid inviability or assortative mating. The genotypic cluster species concept recognizes (as did Darwin) the continuity of geographic races and species. Nevertheless, a comparison of allopatric populations permits a test of the null hypothesis that there is a single species. If there is no genetic overlap, but rather two or more distinct clusters of multilocus genotypes with no intermediates, then the allopatric populations they represent may be separate species if the biotic (intrinsic) and geographic (extrinsic) barriers to gene flow are substantial. The Philippine and Sulawesi populations of Oncomelania are not closely related to one another or to the Chinese populations. The relative magnitude of the genetic distances uniting and separating various taxa of these Oncomelania is clearly shown in Fig. 2 . Significant gaps in the continuum of genetic relatedness mark some but not all of these allopatric taxa; populations isolated on different Philippine islands (Fig. 2B ) exhibit less variation than the subspecies of Davis et al . (1995) across an equivalent 800 km of continuous habitat in mainland China (Fig. 2A) . Similarly, the genetic distance between the Philippines and Sulawesi is much greater than the distance between the four isolated populations in the Philippines (Fig. 2B) . So in Oncomelania we can begin to see a hierarchy of genotypic clusters that lend themselves to taxonomic interpretation as species and subspecies. Applying the multilocus genetic differentiation criterion to the available data, we suggest the following taxonomy: hupensis chiui from Taiwan. These conclusions are based on the currently meagre data on allozymic variation in only half the known taxa, and it is already clear that the phylogeny of the genus will not be fully resolved using these markers. The recent development of protocols for amplifying DNA from molluscan tissue opens the possibility that finer level genetic information will become available and clarify remaining ambiguities (Hope and McManus, 1994; Zhou, Sun, Xu, Hong, Wu, Fong, Chen, Wu, Wu, & Lu, 1994; Spolsky, Davis & Yi, 1996) .
Public health implications
Recognizing that Oncomelania lindoensis is different enough from O. hupensis and O. quadrasi to warrant treatment as a separate species may have important implications for public health. As Oncomelania snails are the only suitable intermediate-host snails of Schistosoma japonicum, the human schistosome could not have reproduced in Sulawesi until after the snails were established. As parasites and hosts often co-evolve at similar rates one would predict that the genetic distance between source (China), derived (Philippines), and secondarily derived (Sulawesi) populations would be equal or less for the schistosome than for the snail. We tested the first case and found the prediction correct: China-Philippines D ϭ 0.57 for S. japonicum and 0.62 for Oncomelania (Fletcher, Woodruff, Loverde & Asch, 1980; Merenlender, Woodruff, Upatham, Viyanant & Yuan, 1987; Woodruff et al., 1988) . In the second case, we have herein estimated D ϭ 0.50 for Oncomelania but have no information yet for S. japonicum. If S. japonicum is a recent import from the Philippines we would expect D Ͻ 0.10, but if it too has been in Sulawesi for about 2 My it may have diverged up to about D ϭ 0.50. Divergence of the latter magnitude raises the question of whether the optimal clinical treatment of human schistoso-miasis in Asia may vary regionally and vaccine development, if successful, will also have to accommodate such variation. Evolutionary divergence of O. lindoensis from its ancestral population affords us an opportunity to study the evolution of hostparasite compatibility. Considerable variation in interpopulation compatibility (snail susceptibility and parasite infectivity) has been documented (e.g., Yuan, Upatham, Kruatrachue & Khunborivan, 1984; He, Guo, Ni, Xia, Liu, Yu & Hu, 1991; Hong, Zhou, Sun, Lu, Jiang, Guo, Xu, Wu & Lu, 1995; Zhou & Kristensen, 1995) and some work has been done with lindoensis (Cross, 1976) . Since these studies were undertaken it has become clear that classical S. japonicum comprises a group of sibling species which are well-defined genetically. S. mekongi and S. malayensis have been afforded species status (Fletcher et al, 1980; Woodruff et al, 1987; Bowles, Blair & McManus, 1995) but the Philippine strain is still regarded as referable to S. japonicum. The comparison of the genetic interactions between hupensis, quadrasi and lindoensis and their local S. japonicum strain merits closer investigation for the light they may throw on the evolution of host-parasite compatibility, and on how such information might be used to reduce transmission through the snail intermediate host populations (Woodruff, 1985) .
